The reaction of nitric acid with the hydroxyl radical influences the residence time of HONO2 in the lower atmosphere. Prior studies [Brown SS, Burkholder JB, Talukdar RK, Ravishankara AR (2001) J Phys Chem A 105:1605-1614] have revealed unusual kinetic behavior for this reaction, including a negative temperature dependence, a complex pressure dependence, and an overall reaction rate strongly affected by isotopic substitution. This behavior suggested that the reaction occurs through an intermediate, theoretically predicted to be a hydrogen-bonded OH-HONO2 complex in a six-membered ring-like configuration. In this study, the intermediate is generated directly by the association of photolytically generated OH radicals with HONO2 and stabilized in a pulsed supersonic expansion. Infrared action spectroscopy is used to identify the intermediate by the OH radical stretch (1) and OH stretch of nitric acid ( 2) in the OH-HONO2 complex. Two vibrational features are attributed to OH-HONO2: a rotationally structured 1 band at 3516.8 cm ؊1 and an extensively broadened 2 feature at 3260 cm ؊1 , both shifted from their respective monomers. These same transitions are identified for OD-DONO 2. Assignments of the features are based on their vibrational frequencies, analysis of rotational band structure, and comparison with complementary high level ab initio calculations. In addition, the OH (v ‫؍‬ 0) product state distributions resulting from 1 and 2 excitation are used to determine the binding energy of OH-HONO2, D0 < 5.3 kcal⅐mol ؊1 , which is in good accord with ab initio predictions.
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atmospheric chemistry ͉ hydroxyl radical ͉ nitric acid ͉ reaction intermediate N itric acid is a chemically inactive and photochemically stable reservoir for reactive HO x and NO x species in the atmosphere. In the troposphere, HONO 2 is usually removed by dry deposition or rainout faster than it is photochemically converted back to NO x , making it a permanent sink for NO x (1, 2) . In the upper troposphere and stratosphere, where there is no rain, HONO 2 can be removed by solar photolysis and reaction with OH (3, 4) ,
This reaction results in the conversion of HONO 2 into reactive NO x species, because the unstable nitrate radical rapidly decomposes into NO or NO 2 .
Kinetic studies have shown that the OH ϩ HONO 2 reaction is unusual in several respects (3, (5) (6) (7) (8) (9) (10) (11) , particularly under the temperature and pressure conditions found in the lower atmosphere. Under these conditions, this reaction exhibits a negative temperature dependence, a pressure dependence, and a strong kinetic isotope effect. The indirect mechanism inferred from these studies consists of initial OH radical addition forming an energized OH-HONO 2 * intermediate, followed by redissociation or reaction to form products. The energized intermediate can also be temporarily stabilized by collisions with bath gas M, and then redissociate to reactants or decompose to products as shown in the following scheme:
The unusual kinetic behavior arises because of enhanced formation and collisional stabilization of the reaction intermediate under lower temperature and higher pressure conditions. However, the proposed intermediate has not been identified experimentally to date.
Prior theoretical work anticipated that OH ϩ HONO 2 can form a doubly hydrogen-bonded complex with a planar sixmembered ring-like structure (5, 12, 13) . The stability of the OH-HONO 2 complex was predicted to be D e ϳ 6.9 -9.8 kcal⅐mol Ϫ1 with an estimated binding energy of D 0 ϳ 5.6-8.1 kcal⅐mol Ϫ1 (12, 13) . The transition state to reaction has also been predicted to lie 3.5 kcal⅐mol Ϫ1 above the reactant asymptote as shown in Fig. 1 (13) , with reaction presumably occurring by tunneling through the barrier as evidenced by the large kinetic isotope effect (3) . This paper reports the experimental identification of the OH-HONO 2 intermediate associated with this significant atmospheric reaction. The structure and stability of the reaction intermediate are obtained from direct spectroscopic characterization of the OH-HONO 2 complex and its unimolecular dissociation dynamics by using an IR pump-UV probe technique (14) , in which the UV laser probes the OH products after vibrational predissociation of OH-HONO 2 as illustrated in Fig. 1 . Two transitions are identified in the fundamental OH stretch region: the OH radical stretch ( 1 ) and OH stretch of nitric acid ( 2 ) of the OH-HONO 2 complex. In addition, these same vibrational transitions are identified for the fully deuterated OD-DONO 2 complex. Complementary high-level ab initio calculations are also presented in support of the experimental findings.
Results
Infrared Action Spectra. The OH-HONO 2 intermediate has been stabilized in a pulsed supersonic jet by combining photolytically generated OH with residual nitric acid precursor as described in detail in Materials and Methods. A spectroscopic search in the fundamental OH stretching region has revealed two features that we attribute to the OH-HONO 2 intermediate based on a combination of experimental and theoretical results. Both spectral features were detected with the probe laser fixed on the OH A-X (1, 0) R 1 (3) transition. One feature is a rotationally structured band at 3516.8 cm Ϫ1 (origin) and the second, much broader, feature is centered at ϳ3260 cm Ϫ1 , as shown in Fig. 2 . The significant shift, Ϫ290 cm Ϫ1 from the OH stretch of the HONO 2 monomer, and broadening associated with the second feature are characteristic of strong hydrogen bonding, whereas the modest shift of the structured band, Ϫ52 cm Ϫ1 from free OH, suggests a weaker interaction (15) . The vibrational frequencies of these features and their shifts relative to the monomers strongly suggest their assignment as the OH radical stretch ( 1 ) and the OH acid stretch ( 2 ) modes of OH-HONO 2 , particularly when compared with theoretical predictions of the spectral shifts (see below and Table 1 ).
The assignment of the 3516.8 cm Ϫ1 feature as the OH radical stretch ( 1 ) of the OH-HONO 2 complex is further supported by analysis of the rotational structure of the band. Preliminary simulations with rotational constants derived from ab initio theory [see supporting information (SI) Tables S1 and S2] for the optimized geometry, assumed unchanged upon vibrational excitation, and the transition dipole along the OH radical axis capture much of the rotational structure. The observed band structure shown in Fig. 3 was more faithfully reproduced, however, by including a spin-rotation interaction to account for the effects of electronic state mixing in the open-shell species; this effect has been demonstrated previously in high-resolution studies of the OH-water complex (16) (17) (18) . The resultant rotational band simulation shown in Fig. 3 extends over ϳ12 cm Ϫ1 at 10 K. The rotational band also exhibits some line broadening (homogeneous linewidth of 0.25 cm Ϫ1 compared with the laser bandwidth of 0.02 cm Ϫ1 ) that likely arises from intramolecular vibrational redistribution (IVR), dissociation, and/or reaction after vibrational excitation.
By contrast, a much broader feature centered at 3260 cm
Ϫ1
and ϳ80 cm Ϫ1 in breadth was assigned as the OH acid stretch ( 2 ). The resultant spectrum appears to be composed of two broad components, although some rotational substructure is still observable. As shown in Fig. 2 , the two broad components can be modeled as bands at 3248.1(6) and 3270.8(5) cm Ϫ1 with a corresponding intensity ratio of 1:1.4(1) and Lorentzian linewidths of 22 cm Ϫ1 . The fact that the 3260 cm Ϫ1 feature (as well as its two subcomponents) is much broader than the OH radical stretch feature is consistent with strong anharmonic coupling between two (or possibly more) vibrational states. We carried out a vibrational deperturbation analysis (19) in an effort to characterize the energies and couplings of zero-order states that might give rise to the two components of the 3260 cm Ϫ1 feature. A two-state deperturbation analysis indicates that the experimentally observed mixed states would arise from coupling between zero-order states at 3257.6(7) and 3261.2 (7) cm Ϫ1 . The analysis also indicates a very strong coupling of 11.2(2) cm Ϫ1 between the zero-order states. One of the zero-order states is the optically bright OH acid stretch ( 2 ) of OH-HONO 2 ; the identity of the second zero-order state is as yet unknown.
The OH stretch in nitric acid is predicted to have a transition intensity ϳ10 times stronger than that of the OH radical stretch (12) . Our experimental measurements yield an integrated intensity ratio of 5.5(4):1 for the acid stretch to the radical stretch in infrared action spectra. The fractional population in the OH product channel being detected is essentially the same (20%) after 1 and 2 excitation; however, the branching between dissociation and reaction after 1 and 2 excitation is not known.
In addition, these same vibrational transitions have been identified for the fully deuterated OD-DONO 2 complex by infrared action spectroscopy. The spectra were recorded with the probe laser fixed on the P 1 (3) line of the OD A-X (1, 0) transition (20) . The OD radical stretch ( 1 ) of OD-DONO 2 is observed at 2594 cm Ϫ1 , shifted 38 cm Ϫ1 to lower frequency than that in free OD (21) . The OD stretch of DONO 2 ( 2 ) is observed at 2425 cm Ϫ1 , corresponding to a Ϫ197 cm Ϫ1 shift compared with the OD stretch of the monomer (21) . The OD radical stretch band spans ϳ15 cm Ϫ1 , whereas the OD acid stretch feature is spread over ϳ40 cm Ϫ1 . The integrated intensity of the OD acid stretch is approximately 5 times greater than the OD radical stretch. These spectral properties are consistent with a strong hydrogen bond for the acid and a weaker interaction for the radical.
OH Product State Distribution. The IR excitation provides sufficient energy to induce dissociation and/or reaction between the components of the OH-HONO 2 intermediate. In this work, we examine the nascent OH X 2 ⌸ (v ϭ 0) product state distribution to provide a direct experimental determination of the stability of the intermediate. For both 1 and 2 excitation, the product state distributions peak at the lowest rotational level that can be observed, N ϭ 2, F 1 , ʈ and fall off with increasing rotational ʈ The population in the lowest rovibrational state, OH X 2 ⌸ (v ϭ 0, N ϭ 1), could not be probed because of the large jet-cooled background. ( 2), which involves detection of OH products by UV laser-induced fluorescence.
Fig. 2.
Infrared action spectra of features assigned to the fundamental OH radical stretch ( 1, blue) and the OH stretch of nitric acid (2, red) of the OH-HONO 2 complex. These spectral features are observed with the UV probe laser fixed on the OH A-X (1, 0) R 1(3) line. The fundamental vibrational frequencies of the OH radical and the OH stretch of the nitric acid monomers are indicated with blue and red dashed lines, respectively. The integrated intensity of the OH acid stretch relative to the OH radical stretch feature in the infrared action spectrum is 5.5(4):1. The OH acid stretch can be modeled as two broad components (black) at 3248.1(6) and 3270. 
The internal energy of OH-HONO 2 is negligible at ϳ10 K; E HONO 2 and E t are unknown. As a result, our experiment ; the large spacing (ϳ330 cm Ϫ1 ) to the next higher OH rotational level, N ϭ 9, which appears to be closed, precludes further refinement of this limit.
The experimental OH X 2 ⌸ (v ϭ 0) product rotational distributions were also modeled by a statistical prior distribution (22) . The prior distribution assumes that the product states associated with the translational, rotational, and vibrational motions of the OH and HONO 2 fragments are populated with equal probability subject only to a constraint on the energy available to products, E avail ϭ h IR Ϫ D 0 (23) . In this experiment, 3 . High-resolution infrared action spectrum of the OH radical stretch of OH-HONO 2 (black) at 3516.8 cm Ϫ1 (origin). A simulation of the rotational band structure (blue) is generated using rotational constants predicted for the OH-HONO 2 complex (Table S2 ) and assumed spin-rotation parameters, aa ϭ Ϫ0.25 cm Ϫ1 , bb ϭ Ϫ0.55 cm Ϫ1 , to account for the open-shell character. A simulation of the intensity profile by using the b-component of the transition dipole moment, rotational temperature of 10 K, and a homogeneous linewidth of 0.25 cm Ϫ1 provides a good representation of the observed band structure. Atmospheric water absorption lines are indicated with asterisks. Fig. 4 . Nascent quantum state distribution of the OH (v ϭ 0, N) products observed after excitation of the radical stretch ( 1) at 3516.8 cm Ϫ1 (Upper, blue) and the nitric acid stretch ( 2) at 3268.4 cm Ϫ1 (Lower, red) of the OH-HONO 2 intermediate. Ticks identify OH rotational levels in the F1 spinorbit manifold, whereas the ⌸(AЈ) and ⌸(AЉ) ⌳-doublet components are distinguished by triangles and circles, respectively. The OH product state distributions peak at low rotational states and fall off with increasing rotational excitation. For 1 excitation, the highest observed product state is N ϭ 9, F 1, ⌸(AЉ) with 1654.6 cm Ϫ1 of internal energy, whereas for 2 excitation the highest state is N ϭ 8, F 1, ⌸(AЉ) with 1324.3 cm Ϫ1 of internal energy. The smooth curves through the data are prior statistical distributions with E avail derived from the IR excitation frequency and the upper limit for the binding energy, D 0 Յ 5.3 kcal⅐mol Ϫ1 .
we examine the probability of the OH products being released in a given quantum state and, therefore, we sum the usual formulation (22) Ϫ1 are illustrated as smooth curves through the experimental data in Fig. 4 , demonstrating that the distribution is statistical and further validating the binding energy derived from the highest open OH product channel. The statistical distribution clearly indicates some degree of IVR before dissociation and/or reaction.
Insights From Theory. The optimized geometry of the OH-HONO 2 complex is detailed in Table S1 for the QCISD and CCSD(T) methods with various basis sets and is illustrated in Fig. 5a . The hydrogen bond between the acidic proton of nitric acid and the oxygen of OH (O 7 -H 5 ) is predicted to be near linear (172.5°) with a bond length of 1.83 Å at the highest level of theory. A secondary interaction between the hydrogen of the OH radical and a nitric acid oxygen atom (O 3 -H 6 ) is nonlinear (121.2°) with a bond length of 2.28 Å. Natural bond orbital (NBO) analysis, shown in Fig. 5 b-e, has been used to investigate the nature of hydrogen bonding in the complex (24) . A characteristic feature of the radical-molecule complex is the cyclic double hydrogen bonding. The strongest interaction is between the antibonding orbital of the acid, * (O 2 -H 5 ) , and the lone pair of the OH radical, O 7 . There is also a second interaction involving the lone pair of O 3 of HONO 2 and the antibonding orbital of the OH radical, *(O 6 -H 7 ). The unpaired electron of the OH radical does not directly participate in the hydrogen bonding of the OH-HONO 2 complex. The unpaired electron is in a p-type orbital that lies perpendicular to the plane of interaction.
The spectral shifts for the radical stretch ( 1 ) and acid stretch ( 2 ) of HONO 2 predicted from previous B3LYP (12, 13) and the present QCISD/aug-cc-pVDZ calculations, listed in Table 1 , are in good accord with observed shifts, Ϫ52 and Ϫ290 cm Ϫ1 , respectively. The computed shifts are derived from harmonic frequency calculations for the complex and monomers. A small spectral shift is predicted for the weakly coupled OH radical stretch ( 1 ), whereas a much larger shift is predicted for the strongly coupled OH acid stretch ( 2 ). The integrated intensities of the features are also consistent with the intensity ratio predicted theoretically (12) . Both the spectral shifts and intensities indicate that the rotationally structured feature at 3516.8 cm Ϫ1 and the broad feature at 3260 cm Ϫ1 correspond to the 1 and 2 fundamentals of the OH-HONO 2 intermediate, respectively. For the fully deuterated complex, the calculated shifts (13) are again in good agreement with the observed spectral shifts.
The binding energy of the OH-HONO 2 complex has been computed by the CCSD(T) method with various basis sets permitting extrapolation to the complete basis set limit (CBS-ϱ). The resultant zero-point corrected binding energy of D 0 ϭ 5.9 kcal⅐mol Ϫ1 is in good agreement with the limiting experimental value of D 0 Յ 5.3 kcal⅐mol Ϫ1 .
Discussion
The properties of the OH-HONO 2 complex are expected to be similar to those of the nitric acid-water complex, which has been investigated by ab initio theory (25-28) and observed experimentally by microwave spectroscopy in the gas phase (29) and infrared spectroscopy in argon matrices (28, 30) . The nitric acid-water complex forms a six-membered ring with the free hydrogen of the water molecule lying out of plane. The microwave study demonstrated that the hydrogen bond between the acidic proton of nitric acid and the oxygen of water is near linear (174.5°) with a bond length of 1.779 Å. The second, weaker, interaction between the hydrogen of the OH radical and a nitric acid oxygen atom is nonlinear (119.3°) with a bond length of 2.30 Å (29). The doubly hydrogen-bonded nitric acid-water complex is computed to have a greater stability than OH-HONO 2 with D 0 ϳ 7.5-8.1 kcal⅐mol Ϫ1 (25, 26, 28) . From the argon matrix measurement (30) , the frequency shift of the OH acid stretch of the nitric acid-water complex from the monomer is Ϫ496 cm Ϫ1 , which is a significantly greater shift than that observed for OH-HONO 2 (see Table 1 ); however, one must be cautious in comparing argon matrix data to gas-phase data, particularly in hydrogen-bonded systems (28) . Ab initio calculations also predict a greater spectral shift for the OH acid stretch in the nitric acid-water complex than in the OH-HONO 2 complex (25, 28, 31) , implying both a stronger and shorter hydrogen bond in the nitric acid-water complex.
We can estimate the lifetime of an energized OH-HONO 2 * intermediate based on rate constants deduced from kinetic modeling of the bimolecular OH ϩ HONO 2 reaction (3). Using the rate constants for redissociation of the energized OH-HONO 2 * adduct back to reactants (k Ϫa ϳ 2. Fundamental OH radical stretch excitation takes the OH-HONO 2 complex in close proximity to the transition state for reaction as shown in Fig. 1 . Because the initial OH stretch excitation is rapidly randomized in the intermediate, the branching ratio for inelastic to reactive decay may be analogous to a collision experiment. Kinetic modeling of such experiments (3) suggests that most of the energized OH-HONO 2 * adducts will redissociate back to reactants rather than forming products (k Ϫa /k b ϳ 50), favoring production of OH fragments. This situation is quite favorable for obtaining infrared action spectra of OH-HONO 2 , as illustrated in the present work. The branching ratio may change for the OH stretch of HONO 2 , which may enhance reactive decay. Such a change would clearly have an impact on the relative intensities of vibrational bands in infrared action spectra. Because deuteration will slow tunneling to reaction products, dissociation to reactants should be more strongly favored for OD-DONO 2 .
The OH radical stretch of OH-HONO 2 is expected to be weakly coupled to the reaction coordinate, whereas elongation of the OH bond in HONO 2 should drive the transformation from the intermediate to the transition state for reaction. As a result, excitation of the OH acid stretch of HONO 2 in OH-HONO 2 is particularly fascinating because it both induces the necessary geometrical changes to move along the reaction coordinate and provides sufficient energy to reach the barrier to reaction (13) . Future studies should explore the possibility that this excitation enhances production of the NO 3 reaction product.
We have successfully stabilized the OH-HONO 2 hydrogenbonded intermediate in the OH ϩ HONO 2 3 H 2 O ϩ NO 3 reaction in a pulsed supersonic expansion. Vibrational features at 3516.8 and 3260 cm Ϫ1 observed by infrared action spectroscopy have been attributed to the OH radical stretch and the OH nitric acid stretch of the OH-HONO 2 complex. These findings have been confirmed by high-level ab initio theory and experimental studies of the fully deuterated complex. The identification of this intermediate is important experimental validation of key steps in the mechanism of the OH ϩ HONO 2 reaction, which is an important atmospheric reaction that influences the residence time of nitric acid in the atmosphere.
Materials and Methods
The OH-HONO2 intermediate is produced by combining photolytically generated OH radicals with residual nitric acid precursor (99.8% fuming) entrained in pure He or a 20% N 2/He gas mixture (200 -250 psi), or alternatively Ar carrier gas (60 psi). The production of OH-HONO 2 is optimized when HONO 2 is photolyzed (ArF excimer laser, ϳ5 mJ⅐cm Ϫ2 ) within a quartz capillary tube (0.5 mm inside diameter, 10 mm length) attached to the pulsed valve assembly, indicating that the high pressure conditions in the capillary tube facilitate collisional stabilization of OH-HONO2. The OH-HONO2 intermediate and residual OH radicals are then cooled in the ensuing supersonic expansion to their lowest quantum states.
Infrared excitation in the OH fundamental stretch region (2.8 -3.1 m) is achieved with a single-mode optical parametric oscillator (OPO, 0.02 cm Ϫ1 linewidth, ϳ10 mJ⅐cm Ϫ2 ) pumped by an injection-seeded Nd:YAG laser. The OH X 2 ⌸ (v ϭ 0) fragments resulting from infrared excitation are detected by laser-induced fluorescence (LIF) on the A 2 ⌺ ϩ -X 2 ⌸ (1, 0) transition at 282 nm by using a frequency-doubled Nd:YAG pumped dye laser. The IR and UV lasers are calibrated by using a wavelength meter and/or the well known positions of OH lines (20, 32) . The focused IR and collimated UV laser beams are counterpropagated into the vacuum apparatus, where the two beams are spatially overlapped ϳ10 nozzle diameters downstream of the exit of the capillary tube. The IR pump laser (10 Hz) is present for every other UV probe laser pulse (20 Hz) , which permits data acquisition with active background subtraction of UV only signal arising from residual OH. The time delay between the IR and UV lasers is 50 ns. Similar methods were used for OD-DONO2.
For a given OH X 2 ⌸ (v ϭ 0) product rotational level, N, there are four fine-structure substates that correspond to ⌸(AЈ) or ⌸(AЉ) ⌳-doublet level levels (in the high-J limit) within both the F1 and F2 spin-orbit manifolds. Fine-structure resolved detection is relatively straightforward, because P-and R-type main branch transitions originate from ⌸(AЈ) levels whereas Q-type main branch transitions originate from ⌸(AЉ) levels. Typically, four transitions probing different rotational/fine-structure states were recorded at least three times for the determination of the statistical uncertainty in the signal intensities. The intensities were determined from the amplitudes of the spectral lines. Conversion of line intensities to ground state populations includes a degeneracy correction factor.
All calculations were performed using the GAUSSIAN 03 software (33) . The geometries were optimized by using the QCISD method with aug-cc-pVDZ basis set as well as the CCSD(T) method with aug-cc-pVDZ and aug-cc-pVTZ basis sets (see Table S1 ). Frequency calculations were performed by using the QCISD method with the aug-cc-pVDZ basis set (see Table S3 ). The corresponding rotational constants at the equilibrium position are given in Table S2 . We carried out a detailed study of the hydrogen-bonded orbitals by using a natural bond orbital (NBO) analysis at the MP2/aug-cc-pVDZ level of theory (34) . The three-dimensional figures of the orbitals derived from this work (Fig.  5 ) were plotted using NBOVIEW 1.0 (35) . The binding energies, both at the equilibrium position De and zero point corrected D0, were extrapolated to the complete basis set limit (CBS aug-cc-pVϱZ) by using the CCSD(T) method as shown in Table S4 .
